In cells, helicase translocation along nucleic acid is essential for many biological processes. However, so far, the mechanism of this translocation is not fully understood. Recent studies show that helicase might translocate through two processes, active process and passive process, with different translocation rate. In this study, a mechanochemical model including such two processes is presented for ribosome translocation along messenger RNA during translation. In which, each of the two processes consists of two sub-processes, translocation factor binding sub-process and the following mechanochemical sub-process in which ribosome makes a forward translocation step. Ribosome switches stochastically between these two processes with external force dependent rates. By this model, we found that, with the increase of external force, the mean translocation rate of ribosome increases from one lower limit to another upper limit, and both of these two limits increase with concentrations of the translocation factors. Under high external force, ribosome translocates mainly through active process. At saturating concentration of translocation factors, the translocation is limited by mechanochemical sub-processes.
I. INTRODUCTION
In many biological events, such as replication, recombination and repair, double-stranded nucleic acid, i.e. DNA or RNA, should be firstly unwound to provide single-stranded template [1] [2] [3] [4] [5] [6] . In this process, using the energy released from ATP hydrolysis helicase translocates along one strand of the double helix to unwind the nucleic acid [6] [7] [8] [9] [10] [11] [12] . Single molecule experiments found that the translocation rate of helicase along nucleic acid depends on the stability of base pairs (GC or AU base pair), the external force (which can be applied by optical tweezers assay or flow stretching assay), and the concentrations of translocation factors, such as EF-G, EF-Tu and ATP [13] [14] [15] [16] [17] [18] [19] [20] [21] .
The translocation of helicase along nucleic acid might be active (in which the helicase acts as a strong molecular motor which converts chemical energy from ATP hydrolysis to unzip a duplexed template with high efficiency) or passive (in which helicase only can translate to the next base after the thermal fluctuation induced opening of the adjacent base pair) [5, 6, 11, 20, 22, 23] . So far, many models have been established to describe this unwinding process [11, 22, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] .
In this study, similar as in the description of dynamics of microtubules [35, 36] , a two-process model will be presented for ribosome translocation along messenger RNA (mRNA) during translation. In which, ribosome translocates along mRNA by either active process or passive process. During translocation, ribosome switches stochastically between these two processes, and the switch rate from passive process to active process depends on external force. Each process consists of two sub-processes: the translocation factors (EF-G•GTP and EF-Tu•GTP•aa-tRNA) binding sub-process, and mechanochemical sub-process during which ribosome will make a forward translocation step (i.e. one base pair).
This model fits well to the recent experimental data obtained in [23] . Based on this model, properties of the ribosome translocation along mRNA, including its mean translocation rate and mean dwell time in one translocation cycle, are detailed discussed.
II. MODEL
As discussed in recent references [5, 6, 22, 23] , the translocation of helicase along nucleic acid (DNA or RNA) might through two processes: active process and passive process, see Fig. 1 . The main difference between these two processes is that, in active process, after completion of the necessary translocation factor binding processes, the junction of the two strains of the double-strained nucleic acid is effectively destabilized, and so the energy barrier for helicase to translocate to the next base is greatly reduced. But in the passive process, the helicase has to overcome a significant energy barrier, and so more time will be spent in waiting for the junction opening by thermal fluctuation. Biochemically, the free energy ∆G needed to open one base pair consists of the base-paring energy ∆G bp , the destabilization energy of enzyme ∆G d and template stretching force ∆G F , ∆G = ∆G bp − ∆G d − ∆G F .
In both active process and passive process of ribosome translocation along mRNA, translocation factors EF-G•GTP and EF-Tu•GTP•aa-tRNA are needed [23, 37] . Therefore, there are at least two sub-processes in each of the two processes. For simplicity, we assume there are only two sub-processes in each translocation cycle: one translocation factor binding sub-process, and one mechanochemical sub-process during which one spatial mechanical translocation step is completed. Generally, all the four sub-processes (see Fig. 1 and closed nucleic acid fork, respectively. So k 3 depends only on the junction base pair, and k 2 , k 3 are independent of external force. To reduce model parameters (and based on numerical tests), we assume that only the switch rate from passive process to active process is external force dependent, and the rates of translocation factor binding sub-process in both active (1 → 2) and passive (1 ′ → 3) processes are equal to each other, k 1 = k ′ 1 , which depend only on the concentrations of translocation factors. Generally, the binding of translocation factors to ribosome might generate conformational change of the corresponding domain, which then might cause a little mechanical translocation. Here, for simplicity and to reduce the model parameters, we assume that the corresponding rates k 1 , k ′ 1 are independent of external force. Which means the whole mechanical step is made in the following mechanochemical sub-process.
Meanwhile, we assume the switch rates between states 1 and 1 ′ are the same as those between states 2 and 3, i.e.
Under all these assumptions, the model illustrated in Fig. 1 is then reduced to the simple one illustrated in Fig. 2(a) . To some extent, the model depicted in Fig. 2(a) is equivalent to the one depicted in Fig.   2(b) . In this study, we will only discuss the model depicted in Fig. 2(a) , since more information can be obtained from it but with the same parameter number as the one depicted in 2(b).
III. RESULTS

A. Mean translocation rate.
Let p 1 , p 2 and ρ 1 , ρ 2 be the probabilities that ribosome in states 1, 2 and 1 ′ , 3 respectively, then one can easily show that they are governed the following master equations
At steady state, one can easily get
with the normalization constant ∆ = (
The mean translocation rate of ribosome can be obtained as follows
The ratio of probability p := p 1 + p 2 that ribosome stays in active process to probability ρ := ρ 1 + ρ 2 that in passive
There is evidence that the ratio of switch rates k o /k c increases with external force [23] , so under high external force, ribosome will translocate mainly by active process. One can easily show that the mean translocation rate of ribosome in active process is
, and the mean translocation rate in passive
. For low concentrations of translocation factors, i.e. k 1 is small, the mean translocation rate J ≈ k 1 , so the translocation is limited by the translocation factor binding process 1
, so the translocation is limited by the following mechanochemical process 2 → 1 or 3 → 1 ′ . One can also show that, the ratio (
decreases with k 1 , which means that for low concentration of translocation factor cases, ribosome mainly stays in states 1 or 1 ′ , but for high concentration cases, it is mainly in sates 2 or 3. In one word, the external force determines which process, the active one 1 → 2 → 1 or the passive one 1 ′ → 3 → 1 ′ , is the dominant process, while the concentrations of translocation factors determine which sub-process, the binding sub-process
, limits the whole translocation of ribosome.
B. Mean dwell time.
The mean time that ribosome spent in one translocation cycle can be obtained as follows
Where T 1i is the mean first passage time of ribosome from state i to state 1 or 1 ′ of the next translocation cycle [see Fig. 2(a) ]. One can show that
and
C. Ribosome translocation along mRNA.
In the following, we will use the above model to discuss the external force and translocation factor concentration dependent properties of ribosome translocation along mRNA, which has been recently studied experimentally in [23] .
As mentioned before, the switch rates of ribosome between active process and passive process depend on energy barrier 
Another method which is usually used to account for the external force F dependence of transition rate is k = k 0 exp(F/F 0 ) with F 0 a constant [36, 40, 41] . This will be used in this study, i.e, we assume the external force dependence of switch rate k o is as follows,
In fact, the methods (8) and (9) z(F )dF with z(F ) the extension as plotted in Fig. 3(a) . So, by expressions (8) and (9), one can easily show that
Generally, the rate k 3 of translocation in passive process should depend on the type of base pairs of the strains junction. Again, for the sake of simplicity, we always keep it constant [23] . Similarly, the transition rate k 2 in active process is also assume to be a constant. As studied in [23] , there are at least two binding processes during 
With parameter values listed in Tab. I, the theoretical results of ribosome translocation rate J versus external Fig. 4 , where the data points are from [23] for hpVal GC50
force F and concentrations [EF-G], [EF-T] are plotted in
mRNA. These plots indicate our model can explain the experimental data reasonably well. In Fig. 5(a) Actually, this can be demonstrated by Fig. 6 . From Fig. 6(c) , one sees that for any external forces, the probability 
IV. DISCUSSION
In this study, a model for ribosome translocation along messenger RNA is presented. In which, ribosome is assumed to translocate by two processes, active process and passive process. In each of the two processes, two sub-processes are included, translocation factor binding sub-process in which all the needed translocation factor are attached, and mechanochemical sub-process in which one forward translocation step is made. The main difference between active process and passive process is that the transition rates of the mechanochemical sub-processes are different, which is due to the difference of free energy barrier. By this model, we found that, the mean translocation rate of ribosome increases with both the concentrations of translocation factors and the external force. Under high force, ribosome translocates mainly through active process, and at saturating concentrations of translocation factors, the translocation is limited by mechanochemical sub-processes. With the increase of external force, the mean translocation rate of ribosome increases from its lower limit to its upper limit. However, both of these two limits increase with concentrations of translocation factors. Fig. 4 ). See also Fig. 2(a) and Eqs. (1), (9), (11) for definitions of the model parameters.
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